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1.C PURPOSE

The purpose of work undertaken in this effort is to find environmental cunditions
and microbial iifa which are most favorable to bioelectrochemical utilizatior of human
wastes in space vehicles. The principal function of this program is obtairing power
from bioelectrochemical cells using human wastes. A secondary function of this
program is conversion of the waste materials to chemicals that can be reused in mainten-
ance of the space vehicle ond its occupants.

This effort has been subdivided into three major tasks. The first, a literature
search, and preliminary selection of organisms and enzymes, which are attractive (a)
for production of electrochemically active chemicals from human wastes, and (b) for
conversionof waste materials is compieted. The experimental effort is divided between
essentially biclogical functions and essentially electrochemical functions, intc two tasks.
The biological task is concerned with screening and characterization of microorganisms
and enzymes with respect to conditions which predispose to their most effective conversion
of wastes to electroactive chemicals and to otherwise useful chemicals. The electro-
chemical task has os its purpose the evaluation of bi::logical electrodes with respect to
optimizing and defining electrochemical parameters for effective utilization of the waste
materials, primarily with respect to production of power. A further function of the
electrochemical task is the preparation of biological electrodes having the biological
material immobilized at the eiectrode surface.

Other programs which relate directly to the present work are being undertaken
by Marquardt Corp. under Contract NASw~654 and Aeronutronic Corp. under Contract
NASw=655. These programs are concerned with development and fundamentol research
in bioelectrochemistry of human wastes, respectively. Magna Corporation, under Contract
DA 36-039 SC-90866, is performing research on biochemical fuel cells. Further, Magna
has a contract with thu Department of the Navy (NObs 84243) to study biochemically

promoted power sources.
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2,0 ABSTRACT

A lirerature search for microorganisms and enzymes cttractive for {1} prodacrion
of hydrogen and ammenia from urine and feces ard (2) conversicn of urire ond feces 1o
chemicals re-useable in a closed environment has been completed. The orgenizme ard
enzymes selecred for screening and further study are the following:
(") The urec bacteria for productic .y of ammonia from u-ine.

(2) Escherichia coli, Aerobacter aerogenes, a Bacillus species. and o Clostridium

species for hydrogen and ammonia production from feces and for proteriy:is of

feces.
(3) Cellulose and lipase for degradation of fecal celiciose and tipids, respecr'vely,
{4) Ureuse for ammonia production from urine.

To aftempt optimum utilization of feces and urine both as ar eiectrochemical
fuel and for conversion of re-useable chemicals is believed inconsistent. |t has beenr
decided tentatively to optimize primarily for utilizotion of these materials as eleciro-
chemical fuels.

Screzning of the urea bacteria has been complered with a study of five orgorisms,
The major criterion, anaerobic growth and hydrolysis of urec in urine, was met sarisfactorily

by only one organism, Bacillus pasteurii. This organism will be usec in future work with

urine.

Only limited effort has been expended in screening for fecal degradarion. The
high variability in human feces is the major reason. To artack this problem, a
collection program has been initiated wherein volunteers consuming a simulated space
diet are contributirg feces and urine. These materials, when sufficient hes been collected,
wili be composited and used os a source of consistent starting materiais for the remainder
of the program.

Electrochenmical evaiuation of urine has begun but results cre inconclusive os

yet.
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3.0 CONFERENCES

June 10, 1963

A conference attended by personnel of Magna Corporation and Marquordt
Corporation was held at Marouardi or June 10, The purpose of this conference was
the discussion of (I} the two orgenizations’ current efforts in bioelectrochemistry
relating to Contracis NASw-623 and NASw~654, {2Z) coordination of the two efforts
to avoid possibilities of duplicaiion of effert, and {3} coordination of the two con-
tractors' efforts in obtaining consistent starting materials (human feces and urine).

It was concluded that duplication of effort could most readily be avoided
by Magna's efforts being directed primarily to pure cultures of microorganisms, or
relatively well defined mixtures of organisms, and isolated enzymes, and by Marquardt's
efforts being directed primarily, for the present, to indigenous organisms of feces.

‘ To maintain coordination, it wos agreed to fold similar meetings at monthly intervals.,
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4.0 FACTUAL DATA

4.1 Infroduu.‘_i_qp

Research en applied bioelectrochemistiy as it reiates to the use of the human
wastes urine and feces has been initiated. A search of rhe literature, pertinent to
the microbiology and enzymology nf humar feces and 1rine, and directed to the
utilization of these materials os electrochemical ruels in space vehicles, was the first
step i this research. The literature search is reported herein in its entirety.

Based on the literature search, microorganisms and enzymes were selected for
study of their properties and requirements so as to lead to opt.mum utilization of
urine and feces. The initial phases of tiis study are reported here in terms of biological

eveiuation of useful parameters and preliminary el .ctrochemical evaluation.

4.2 Literature Search

It was found convenient to subdivide the literature search into a number of
categories: (I) sewage digestion, (2) fecal components, (3) urine component., (4)
enzymes, and (5) microbial production of ammonia and hydrogen. Preliminary evalua-
tion of the literature revealed that very little information was available on biologicc!
conversion of human feces or urine per se, but that the most nearly related data existed
in the literature on sewage digestion. In the absence of specific information on feces
and urine, information was sought on components of these materials, to guide the
search of the microbiological and enzymological literature. An early decision was
made to consider only those enzymes which would provide relatively extensive breakdown
of human wastes. Thus only hydrolytic enzymes were searched. Finally, in the
interests of optimizing power production from urine and feces, the literature was searchied
for information on microbial production of hydrogen and ammonia, considered to be the

most likely electro~active chemicals which cun be obtained in significant quantities from

urine aind feces.
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4.2.1 Microbiology

4.2.1.1 Sewage Digestion

lngram('l) hos adequately reviewed the microbiology and processes
involved in conventional waste treatment. Rather than needlessly duplicate
ingram's effort, cur literature search wiil describe the salient points concerning
conventional wasre treatment and concentrate more on the microbioclogy and
degradation of humen weste os it pertains to our particular interesis.

Biological processes for waste disposal convert the organic components
of the waste tc cell meterials which is then partially oxidized by the metabolic
activities of the organisms. The products of this metabolic activity are inorganic
oxidation products and a mass of microorganisms which is conventionaily known
as sludge. There are two basic types of biological processes for waste
disposal, one aerobic (activated sludge) and the other anaerobic.

in general, there are two kinds of bacteria involved in aerobic
waste disposal systems. The first group of bacteria utilizes the organic matarials
in waste and the second group feeds upon their metabolic by-products. This
process requires good aeration of the waste and the formation of a floc which

@

results from the growth of zoogleal organisms. The organic materials adhere

to the surfaces of the floc, which results in rapid degradation. Examining the

microbiology of activatec .ludge, Buﬂerfield(z) isolated a zoogleal bacterium v
and named it Zoogleo ramigera. B .ck and Keefer(s) isolated a similar organism

from activated sludge and reported that it produced significant quantities of

ammonia from peptones. Mckinney and Weichiein(4) isolated many floc-

producing bacteria from activated sludge. They co-sidered the urganisms listed

in Table | to be the most important in waste disposal. Russian workers( ) con- T
cerned with biochemicol purification of industrial and domestic effluents have

also studied the microbiological ffora of activated sludge, and they have reported

(4)

Kaplovsky(é) has differentiated the anaerobic process into three .

the isolation of many orgonisms cited by McKinney and Weichlein.

basic stages:
1. Intensive acid production
2. Intensive digestion or liquificotion

3. Intensive digestion and gasification
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Floc-Produ:ing Bacreria Isolared from Activated Sludge

TABLE |

Zooglea ramigira

Escherichia coli

Escherichic freundii

Pseudomonas perluria

Pseudomonas ovalis

Aicaligenes faecalis

Alcaligenes metalcaligenes

Bacillus megaterium

Lactobacilius caseii

Neisseria catarrhalis

Aerobacter aerogenes

Flavobacterium solare

Flavobacterium breve

Micrococcus conglomeratas

Micrococcus varians

Achromobacter liquefaciens

314/7014/13
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The major gases produced are methane and carbon dioxide, with a
little hydrogen cuifide and hydrogen Up to 75% of the total vo'ume of gas
may be methcne tt has generally been observed thet obligate onaerobes do not
form a major portion of the microorgar.-ms invotved in anaerobic sluage
digestion but that facultative onaerobe: predominate  The microeorganisms
reported 1o be in anoerobic sludge are presented in Tobie il

Orne of *he problems associated with standard wasre disposal
systems is the iarge omount of solids remaining after digestion. Leone(7; hes
reported on cerobic and anaernbic Fumanr wasre trearment processes designea
for spoce systems and hos fourd that the =ctivared sludge system stabilized in
several hours with ¢ 20% reduction in initial solids (3.7 gm/1)  Subsequent
processing in an aerobic digestor reduced total solids an additional 15%, but
required a month to do so. ingrom“" found anaerobic aigestion of human wastes
difficult 1o initiate and reported thc' poorly digested. foul smelling ¢ludge
resvited.

Kourtz ard Fomey:'B, advanced a theory concerning a two-phase
acti sated sludge system tha* would result in complete oxidetion. Phase | would
consist of the assimilation of s -bstrate. and Phose 11 involved the endogenous
oxidation of me*cbolic by-products.  Tkeir results indicated the cccumulation

of non-oxidizable sludge at the rate of 0.6% of the rotal weight per day.

)

Garret'’’ reported on conirol of activated s'udge growth by regulated
overflow to a settiing tank. The mathematics involved are very similar to that
used in conrinuous cuiture of microorganisms, and he reported G more consistent
growth rate of the floc. The use of cont:nuous culture for aerobic waste disposal
has been adaptred to an algal growth unit by Golueke, Oswald and McGanky,(lo)
Their system used the air activated siudge process to digest raw sewage in order
to provide the olgae with nutrients such as carbon dioxide, while the algae
produced oxygen for the growth of the bacteria. The waste used in this study
was obtained from an individual wko was on a roughage-free, low salt, and low

fat diet. They found that after the addition of waste to the culture, the fecal

odor disappeared in several hours and wo. replaced by a sirong odor ¢f ammonia.

-7- 314/7014/T3
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TABLE

Micioorganisms Isolated from Ancerobic Sludge

Microorgonism

Bacillus subtilis

Bacillus endorhythmas

Escherichia coli

Aerobacter aerogenes

Methane bacterium formicicum

Methanobacterium omelianski

Methanobacterium suboxidans

Streptococcus diploides

R ey

Reference

Ruckhoft, Kallas and Edwards(37)
Buck, Keefer and Hafch(38)
Ruckhoft et at .(37)

Ruckhoft et al.(37)

Ingram
Ingram

Ingram

Buck, Keefer and Hatch

0
)
(1)

(@) T
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After an additionai few hours, an actinomyces odor developed; i.e., the
odoi of rich damp soil
Golueke and Oswald(lo) reviewed the literature and reported

!
that Chopman('l)

was successful in stabilizing the waste of one man seeded with
1/8 cu. ft. of activated sludge culture using a highly aerated process.

Bogen and Chapmcn,“z in a larer study, reported that human wastes contaired
a small amount of relotively stabie or persistent organic matter amounting to

10 to 20% of :-e raw waste COD. His system consisted of u high concentration
waste freatment process involving aerobic microorganisms.

ingrcm‘\” deveioped an aerospace-oriented human waste disposal
system based upon the activated sludge process, and found the organisms most
efficient if the dilution were similar to domestic sewage. In agreement with
Moyer,(l3) Ingram found the predominating gases liberated to be carbon
dioxide and small oamounts of ammonia.

Attractive features of the aerobic process include (1) the rapidity
with which wastes are stabilized, (2) end-products which are generally non-
odorous, and (3) almost complete degradation. The chief disadvantages with
reference to a closed ecology, are the large consumption of oxygen and the
production of carbon dioxide.

The chief advantage of an anaerobic process operating in a closed
system is that oxygen is not required. Otherwise, this process is clower, is
less efficient in reducing solids and produces more obnoxious and toxic by-

products than an aerobic process. Also, most anaerobic digestors operate

optimally at 55°C.
4,2,1.2  Human Fecal Components

(
Goldblith and Wick (14) reported that feces is generally known to

“contain 65 - 75% water, the remainder being indigestible food residues; i.e.,

cellulose, hexosans, pentosans and lignins, as well as small quantities of un-

digested and unadsorbed foodstuff, remains of mucosal cells, digestive fluids,

-9- - 314/7014/13
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bacteria and bacterial by-product:.  Specific substances are indole, skatole
hydrogen culfide, methylmercaptan, urethane, hydrogen, carbon dioxide,
ammonia, proteoses, peptonet, peptides, amino acids. fats, minerals, trace
elements and vitamins. The !ipid content is primarily sterols with particular
fatty acids consisting of palmitic, stearic, oleic, myristic, lauric. linoleic
and isomers of oleic acid. The carbohydrate content is mainly cellulose and
vegetable fibers, with very little reducing sugars. The protein content is
largely bacterial, with some food residues and intestinal cells and enzymes.
Cantarow and Scheportz(is) reported that feces contains the enzymes trypsin,
lysozyme, maltase, lipase cnd nucleases. In addition to verious peptides,
Goldblith and Wick{M) reported the free amino acid content to consist of
methionine, lysine, arginine, histidine, leucine, iso-ieucine, valine,
threonine, cystine, phenylalanire, tyrosine, and tryptophan.

The vitamin content is largely para-aminobenzoic acid; biotin,
folic acid, pantothenic acid, pyridoxin, nicotinic acid, thiamine, and ribo~
flavin; with small quantities of vitamins C, K, Eand A. The mineral content
is Na, K, Ca. Mg, C!, P, and S wirth an average ash content of 3.1%. Bile 3
pigments and metabolic products of the pigments are responsible for the color of
feces and are mostly tetrapyrroles. Tischer, Tischer and Cook(lé\' have reported

that these bile pigments did not appear to affect the growth of Escherichia coli

and Pseudomonas fluorescens.

Many bacteria are present in human feces. Table 11l presents the

fecal flora of man.
4.2.1.3 Urine Components

Urea is better characterized than feces. Detailed lists of urinary

17,18 . .
(17,18,19) but the major constituents in an

components have been reported,
average 24-hour ouiput are water (1200 g), urea (30.0 g), chloride {as sedium
chloride, 12.0 g), sodium {4.0 g), sulfur (os sulfur dioxide, 2.5 g), inorganic

sulfates (as sulfur trioxide, 2.0 g), potassium (2.0 g), and creatine (!.2 g).

-10- 314/7014/73
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TABLE 1l

The Fecal Flora of Man

Microorganism

Bacteroides melaninogenicus

Bactercides sp.

Escherichia coli

Aerobacter aerogenes

Lactobacillus sp.

Streptococcus sp.

Streptococcus faecalis

Streptococcus faecum

Streptococcus liquefaciens

Diphtheroids

Clostridium sp.

Clostridium welchii

Reference

Zubrzycki and Spoulding(4o)

(41
Smith and Crabb' "/

Zubrzycki and Spculding(4o)

Smith and Crobb(4!)

Buthaux and Mosse!(42)

Zubrzycki and Spau!ding(40‘)

Buthaux and Mossel(42’)
. . (40)
Zubrzycki and Spaulding
Smith and Crcbb(4l)
Zubrzycki and Spoulding‘
(42)

Buthaux and Mossel
Smith and Crabb(‘4!)

. (41)
Smith and Crabb

Smith and Crabb 3V

40)

(40)
40)

Zubrzycki and Spaulding
Zubrzycki and Spaulding(
Smith and Crcbb(4|)
Buthaux and Mossel(42)

‘%' Collee, Knowlden and Hobbs(43)
I Bacillus sp. Zubrzycki and Spoulding(4o)
‘ Pseudomonas sp. Zubrzycki and Spoulding(40)
N Pseudomonaz fluorescens Brisou(44)
- Proteus sp. Zubrzycki and Spaulding(4o)
z‘ Staphylococcus sp. Zubrzycki and Spaulding(4o)
" Staphylococcus aureus Smith and Crabb(4!)

Yeast sp. Zubrzycki and Spoulding(40)

-li- 314/7014/73
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4.2,1.4  Microbial Production of Ammonia and Hydrogen

It was pointed out earlier that aerobic disposai systems usually evolve
carbon dioxide and ammonia while anaerobic systems evolve mainly carbon
dioxide and methane. It would appear that most of the hydrogen produced is used
for reductive reactions. In an attempt to determine the gases evolved from

(20)

untreated raw human feces, Wheaton et al. placed fecal samples into

tin cans fitted with pressure gauges and gas sampling ports. Fecal samples
produced from 3.5 to 6 mis of gas (at STP) per g within 7 days, urder air or
argon. Gas chromatographic analyses showed that the major constituents were
carbon dioxide and ammonia with very little hydrogen and hydrogen sulfide.

It would appear from the data that their results were very similar to that obtained
in anaerobic sludge digestion processes  These authors also reported a par-
ticularly interesting observation concerning two distinguishable types of fecal
samples. The first type produced carbon dioxide primarily, with a little
hydrogen; the second group produced carbon dioxide and methane.

Hermonn(m) investigated the effects of adding nitrate to an algal
sewage stabilization pond. He found that bacterial dentifrication led to an
increase in ammonia production. The nitrate inhibited production of hydrogen
sulfide and other odors, apparently by supplyiﬁg an oxidizing agent, Hermann(zl)
learned that as much as 10,000 mg per liter of sodium nitrate wos not toxic
to the aerobic sewage-stabilizing organisme.

The Melpar Corp;(22) has evaluated a number of microorganisms

for their ability to evolve hydrogen. Their study has shown thot of the

following bacteria: Escherichia coli, Aerobacter aerogenes, Aerobacter

cloacae, Serratia kiliensis, Pseudomonas sp. 64A, E. coli produced the

highest yield of hydrogen when grown on glucose or maltose. Aerobacter

cloacae was next best when grown on galactose, arabinose or glucose. Aerobacter

aerogenes produced a good yield of hydrogen from fructose, glucose, maltose,

or lactose. Pseudomonas sp. 64A produced a fairly good yield when grown

anaerobically o formate. This production of hydrogen by enteric organisms
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grown on glucose is of interest due 10 the face that cellulose degradation
results in glucose.
(23) . . . .
Gest' " hos reviewed various organisms capable of producing

hydrogen and ammonia. Clostridium butylicum grown on pyruvate will evolve

hydrogen and the reaction is apparently due to a phosphoroclastic split
with the formatior of acetyl phosphate and formate. The formate is then split

to produce carbon dioxide and hydrogen. Cl. kluyverii produces hydrogen

in the oxidation of acetaldehyde to acetate. Clostridial reactions also

evolve ammoniaq; e.g., Cl. tetranomorphum attacks single amino acids, such as

giutamate, with the prod.ciion of ammonia, carbon dioxide, hydrogen and
volctile acids. Cl. propionicum also attacks single amino acids, but produces
carbon dioxide, ammonia and volatile acids, while hydrogen, though evolved,

is used for the reduction of oxidized infermediaies. Cl. sporogenes utilizes

the Stickland reaction, in which one amino acid is oxidized and another is
reduced, with the production of two organic acids and two molecules of ammonia.
Stickiond(24) reported thct only specific compounds could act as hydrogen

donors and as hydregen acceptors.  The donors were d-alanine, d-valine,
pyruvate, d-leucine, !~-phenylalanire, I-aspartate and d-glutamate. The
acceptors were glycine, proline, and hydroxyproline. Stickland found that the

best combinations for ammonia production by Cl. sporogenes were alanine and

proline, valine and hydroxyproline, and leucine and glycine. He also

reported that Cl. sporogenes would attack either serine or tyrosine alone, with

the production of ammenia.

(25)

in a number of bacteria, and showed that the following clostridia were

Nisman, Reynard and Cohen studied the Stickland reaction

physiologically similar to Cl. sporogenes: Cl. histolyticum, Cl. bifermentans,

El_. bu.‘zricurg, S_l_ acetobutylicum, Cl. flabelliferum, g_ suprotoxicum and

Cl. sordellin. They also found that the Stickland reaction did not occur with
the following clostridia and facultative onaerobes: Cl. iodophilum, Cl.

saccharobutyricum, Cl. welchii, Staphylococcus aureus, Proteus vulgaris,

Kiebseilla pneumoniae, and Escherichia coli .
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23)
Gest( ) also reported thar the methane bacteric produce hydrogen
duiing the formation of methane, but that the hydrogen is vsed to reduce carbon

dioxide. If, however, Methanobacterium formicicum or M vannielii 0.e grown

in an alkaline medium (above pH 8.6) carbr .. dioxide and hydrogen are
produced as the major gases.

it was reported abeve thot o number of bacterial species can
produce hydrogen from the degradation products of celLu'é’ose, but these organisms

6
generally cannot degrade cellulose itself. Khouvine(l' ) isolated an

anaerobic cellulolytic bacteritm, Bocillus cellulosae dissolvers, from human

feces, herbivora, and scils. This orgonism produced hydrogen, carbon dioxide,

27)

f
organic acids, and ethanol from celluiose. Cowles and Rettger' reported

the isolation of a cellulolytic anaerobe, Clostridium cellulosolvens, from horse

feces. This organism fermented cellulose and produced gas, 75% of which

was hydrogen, symbiotically with Aerobacter aerogenes, Escherichia coli, or

Proteus vulgaris. These authors did not believe that Khouvine's culture was

28
i pure. Nagliski et alﬂ( ) reported that Clostridium roseum fermented “cryptostegia
leaves rapidly with the production of a considerable amount of gas, and point
out the interesting fact that the organism did not dissolve filter paper cellulose

(29)

" discussed anaerobic, mesophilic, celluloiytic

in tryptone broth. Hungate
: bacteria, and reported that although sewage sludge cortained several species
(C0)

of cellulolytic bacteria, none were found in raw sludge. Fulier and Norman

reported that various cerobic, mesophilic soil bacteria were capable of

ST

hydrolyzing cellulose. They isolated and described Pseudomonas ephemerocyanea,

Ps. lasia, Ps. erythra, Achromobacter picrum, and Barillus aporrhoeus. Fuller
(31

Beaieit it

and Norman*™"? olso performed various biochemical studies with the above

organisms and found that each organism would utilize xylans and various hexosans.

(32)

" showed that lignin usually inhibited

(S

In a further study, Fuller and Norman

the fermentation of xylans and hexosans by all of the bacteria.

Praniabey

1

A small group of urea hydrolyzing soil bacteria have been

(

termed "urea bacteria" by Alexander 33) because of their tolerance to high

-14~ 314/7014/T3
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levels of the compound, and their nutritional requiremert for it. Bacillus

pasteurii and Bacillus freudenreichii are representatives of spore formers, and

Micrococcus ureae and Sarcina ureae are representatives of the coccus forms.

Wiley and Sfokes(ﬂr) have reported that B. pasteurii requires cmmonia, formed
- by hydrolysis of urea, not only for growth, but a'so for development of the
clkaline pH necessary for growth. Gibbons and Doefsch(ss) reported
that nearly all of the ureolytic bacteria are aerobic or facultative anaerobes,
- and that very few obligately anaerobic bacteria possess this capability. They
reported the isolation and characterization of an obligately anaerobic, ureo-

- lytic bocterium, which has been classified as Lactobacillus bifidis vor,

ureolyticus.

6\\
Cooke and Keifh(3 ! isolated Brevibacterium ammoniagene s from

- : feces; this organism produced ammoniu from urea both aerobically and anaero-

bically. Better growth occurred aerobically, however.

§ e b

4,.2.2 Enzymes

L]

The literature was searched for information on those enzymes

ot by 'mmm
t

which could be expected to have relatively broad activity toward urine and
feces. The use, for the purposes of this program, of enzymes which can act
only on a minor component of human wastes would result in expenditure of
considerable effort with little to show for it in terms either of power production
from the wastes or degradation of the wastes. Accordingly, enzymes were
considered from the general point of view that pretreatment of the wastes

would facilitate bacterial action. Thus the saccharolytic enzymes cellulase,
pectinesterase and polygolacturonase were considered. A proteinase, papain,
was considered to the exclusion of other, more specific proteinases. Urease
was considered because urea is the most predominant single component of human
wastes. Finally, lipases were considered as a means of aiding in degrodation of

fecal lipids.

il kel i beoded el s e
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4,:..2.1 Cellulase

Celivlase (cell free) has been isolated from a large number of
plants and cnimals. The list below are but a few representative samples.
Molluscs
Helix pomatia (sncil)(45)

46)

Teredo (shipworm)(‘

Protozoa

(47)

Endoplodium neglectum"

Arthropods
48)

Termes obesus (teim infe)('

Plants
4
Mclf( 9)

Algqe(so)

Fungi

(5h

Myrothecium verrucaria

(52)

A. niger

Bacteria

53)
(54)

Rumen mictoorganisms

Pseudomonus fluorescens

The largest body of work concerning the purification of cellulase
has been accomplished using the fungi as the source material. The reason
tor this lies in the fact that cellulase is an exoenzyme in-most fungi and
can be conveniently obtained from the medium by removing the cells and
residual ccllulose substrate.  The fungus most commonly used is Myrothecium

verrucaria, A procedure for obtaining crystalline cellulase from the fungus

{35)

Irpex_lacteus has been reported by Nisizawa.
The ability of the enzyme cellulase to nydrolyze reprecipitated

cellulose, soluble derivatives, or highly crystailine nutive celluloses varies

widely between extracts from different sources. However, good evidence

4(56,57,58,59,60)

. has been accumulate thai, as the crystallinity of the

. substrate decreases the rate of enzymatic hyarolysis increases.
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Most piant cellulases have an optimum pH in the region of 5.0,
anima! ceilvlases in the range of 5.0 to 5.5, and bacterial ceilulases between
5.8 and 7.0. Optimal pH values vary widely tor fungal cellulase over
a range from pH 3.0 to pH 8.0, however, most pH values are on the acid side,
between pH 4.0 and pH 7.0.(61)

There is very litfte information regarding the remperature optimum
of pure celluluse isolated from plont, animal and bacterial sources. In the
case of the fungal celluiases where the more definitive work 1ias been done,
it hes been shown {assay based on production of reduced sugar) that the maximum
temperature varies from 40 to 70°.(62'63'64'65) The temperatures at which
the fungal cellulases start to be inactivated vory from 40° to as high as 70°C.

Below are a few examples.

Source Temp. Reference
Trichoderma koningi 70°C 66
Poria vai:lanti 60-70° 63
Aspergillus aiger 70° 67
M. verrucaria 50° 62

Work with fungal cellulase indicates that the enzyme is
generally inhibited by mercury, silver, chromium, lead, and zinc salts.
while manganese, cobalt, magnesium, and calcium with pnosphate cause

(61)

stimulation in certain cases. The literature concerning the effect of

certain oxidizing and reducing agents on the enzyme are conflicting, however:

Permanganate and maiybaofe have been found to be stimulating; and bisulfite,

dithionite and benzoquinone were inhibifory.(ée)
Whifaker(69) reported that fungal cellulase from M. verrucaria

was inhibited by iodoacetate and p-chloromecuribenzoate but that the inhibition

could be reversed by the addition of glutathione, cysteine, sodium sulfide or

potassium cyanide.
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(70)

Reese, et. al.,’ using cellulose isolated from various micro-
organisms, found ceilobiose to be generally inhibitory. There were two
exceptions, and in these cases the presence of the cellobiose appeared to be
stimulatory. These experiments were carried out ot pH 5.0 using carboxymethyl
cellulose a% a substrate and a 2% solution of celiobiose.

The addition of certain proteins to preparctions of cellulase
from M. verrucario(n) were shown to stimulate the cellulolytic activity.
There are many methods for the assay of cellulase, but most are

based on one of the following procedures:

1. Increase in reducing sugar (colorimetric or volumetric).
2 Effect on viscosity of soluble cellulose derivatives.

3. Loss in weight of insoluble substrates.

4 Oxygen uptake during the enzymatic oxidation of

glucose (glucose oxidase) produced by hydrolysis of
the celluiose.
5. Decrease in mechanical properties of fibers or films.

6. Changes in bi-refringence of films.
4,2.2.2 Pectic Enzymes, Pectinesterase and Polygalacturonase

Pectic substrance is a group desigr~tion for coiloidal polysaccharides
which contain a large proportion of D-galacturonic acid and methanol and
which are widely distributed in the plant kingdom. The pectin molecule has
an o -1,4-glycosidic linkage beiween the pyranose rings of the methyl ester
of the D-galacturonic monomer. The pyranose ring occurs mainly in the
chair form, corresponding to the most stable configuration of D-galactose.
The enzymes involved in the degradation of this pectic substance are pectinesterases
and polygalacturonase.

Pectinesterase catalyzes the hydrolysis of the ester bonds of pectic
substances to yield the pectic or pectinic acids and mefhonol.(72) Poly-
galacturonase catalyzes the hydrolysis of glycosidic bonds between deesterified

galacturonide residues.
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4,2.2.2.1 Pectinestercse

Pectinestercse «PE! ho« beenr founi ro be widely distributed in
plants, molds. ard becteria  However, those sources most often used and —

(72) (73)

reportedly ccntaining cortiderobre auantities of PE are alfalfa, ™" tomatoes,
cirrus fruit, 74 poteto leaves, tobsceo. eider‘,ﬂs‘ and fungus (763 In —_—
almost aifl ccses the PE i« usvally fixed or adsorber! to the solid portions of
the plant or fruit
PE hcs been <hown to be hi¢kly specific, saponifying only the
methyl ester of pectic substances:. 77, The PE from the skin of oranges has
been reporred to hwdrolyze only the methyl ester groups aajacent to free
carboxyl groups, the hydrolysis proceeding linearly along the pectin molecule
as successive methoxy groups splis off,_‘78"!
The remperar.:re srabiiity of PE variss depending on the source from
which it was isclated.  Fungul PE i+ 50% inactivoted in 0.1 M NaCl at
pH €.0 for ]| hour ot 35 wkhereo, tomatoe PE at 70” and under otherwise
similar conditions, was only 50% inac ?vofed,-76) Orange PE was 50%
inactivated at pH 7 5 in a bor:te-ocetare extroct in 30 minu!‘es.{]?)
The pH optimum for plant PE lies in the range of pH 7 to 8 at low
salt cuncentrations. However, the fungoi PE is marked!y different in this

)
respect and has a pH optimum in the ronge of pH 4.6 to 5.5.(80’

PE is relatively inert to chemicai inhibition by such as cyanide,

1

iodine, formaldehyde. etc. Detergents and soaps are reported to be

very effeciive irhibitors of PE.:76)
Cations have been found to increase by many fold the activity of
PE in the pH range extending szverol pH units below neutrality. It has also
been shown that divalent cations are more effective than monovalent cations.
Because of this foct the explonation for the observed increase in activity can
not be based on ionic strength.  Although some theories have been put forth

(76)

" to explain this phenomens, none < .em to complc ely fir all the facts.
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The activity of PE is assayed by measuring the increase of
(81" .
carboxy! groups at constant pH,® ' the increase of mefhcnol,(73) or by
measuring the evolution of carbon dioxide from an N(:HCO3 buffer using mano-

(82)

metric methods. To insure reliable results from any of these methods the
cation content of the system must be known  The enzyme activity is expressed
in millequivalerts of bonds hydrolyzed per minute per millimole of enzyme

under established "siandard" conditions. These "standard" conditions are, in

general, the optimum conditions {pH, temp., etc.) and therefore vary slightly

with the source of the enzyme.
4,2.2.2.2 Polygalacturonase

Polygalacturonase (PG) is most cammonly found in the lower plant.
such as bacteria and fungi, but seldom in higher plaats. In animals it is found

only in the snoils.(BO) Isolation of PG often involves separation from PE by
ion exchange treotmeni. Successful isolation of PG has been accomplished from

the following organisms:

Orgonism Method of Separation Reference

Aspergilius niger Partial inacrivation, adsorption on

Fuller's earth. Chromatography on
AIQOf and on filter paper. 83

Penicillium ‘
expansum Precipitation with alcohol 84

Rhizopus tritici

Most of the work done using purified preparations of PG indicates
that PG is very specific.(ss) Although PG is regarded as a hydrolase, it
has not yet been clearly determined whether PG splits the glycosyl-oxygen
bond or the aglycone-oxygen bond. Since no transferase action has yet been

reported, it may be that a double displacement mechanism as proposed for many

carbohydrases is vperative. (77)
-20- 314/7014/13
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A classification of various PG's has been proposed based on their
mode of action. There are three closses-ﬂﬂ
PG i Liquefying PG - splits the glycosidic linkages more or less
ot random, producing a rapid decrease in viscosity.
This type acts best on pectins of a low degree of
esterification
PG I Brings about the hydrolysis of highly esterified pectins.
The commercial p-eparation "Hydrolase" appears to
be just suck a PG.
PG 1M Splits glycosidic linkages from one end of the pectin
molecule - probably from the reducing end.
It has been observed that alkali salts increase the activity of PG
as they do PE, however, there ic not nearly the marked effect for PG. The
effect follows the series:
Li< Na < K < Rb < Cs(86)
In .contrast to the effect observed with PE, MgA'-F caused 48% inhibition of PG.
The pH optima for PG have been reported from 3'to 6. Although

(87)

the optimum may vary depending on the source of the enzyme, pH 4.0 is most

generally used. (80)

PG's from bacteria and phycomycetes have a pH optimum
near 7.0.(77) PG appears to be remarkably “stable to acid; it is only 50 to 70%
inactivated in 20 minutes at pH 0.6 and 23°C. PG also (from Aspergillus
niger) appears to be rather fhermosfob!e.(ss'sg)

Assay procedure is bosed primarily on o?e <)>F the following:
90

(@) Increase in reducirg groups.
(b) Decrease in viscosify‘(qi)
(c) Decrease in precipitability by calcium or nonpolar solvents.
(d) Decrease in optico! rotation. ‘
The assay procedure most commonly used is that based on the
reducing group chonge. The results can be conveniently expressed in milli-

equivalents of bonds hydrolyzed or millimoles of reducing group per minute under
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standard assay conditions. Standard conditions consist of pH 4.0, 25°C and

0.5% pectic acid.
4.2.2.3 Lipase

The enzyme lipase catalyzes the hydrolysis of oil and fats, i.e.,
triglycerides of long-chain fatty acids and can be thus differntiated from
other esterases which hydrolyze simple esters of low molecular weight acids.

Isolations of the enzyme lipase have been done primarily with the

\
hog, 92:93) gpe (94

pancreas of various animals, i.e., and bovine

(96)

poncreos.(95) The isolation of lipase has also been reported from fungi,
(97) (98) (99,100)

yeast, castor bean, and various bacteria.
Since it has been shown that lipase makes up 2.5% of the total
protein of swine pancreas this has remained the primary source for this enzyme.
A recent report for the isolation of pancreatic lipase (hog) is given by E. D.
Wills.(

and was able to withstand storage in 5% NaCl at 5°C for 2-3 months without

100) This preparation was found to have maximum stability at pH 5.6,

loss of activity. There i< some indirect evidence that calcium ion is necessary

(102)

ions (F > 1> Br > Cl) seem to inhibit the enzyme.

Hg and other heavy metals and also halogen

(

for stability of the enzyme.

103) However, it apnears

that -SH groups are not directly indispensable for the hydrolytic activity.

(102)

Lipase is inactivated by surface-active compounds.

(to3

Desnuelle ) provides evidence that the lipase enzyme is more

active when the substrate is emulsified (rather than in solution) and that the

enzyme is active at the oil-water interface. He provides a series of curves
showing that the initial enzyme rate varies with the interfacial area, and also
reports Michaelis curves using partially soluble substrates (triacetin, methyl
butyrate) which show a significant increase in lipase acrivity after the substrate

has reached saturation and is in the form of an emulsian.
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There i good ev-'dencelﬁoa‘ that lipoly<it occurs in three well~
sepurated ard contecutive wteps and it due ro the caralytic effect of one enzyme
i(lipatei. The recuiremant for cofcium ion doet not in ony way alter the
course of the lipolysis bur does promote the process by combining with the
interfacial soap: 105

Desnuelie gives evidence thor bile salts, such as taurocholate,
increases the initial rate of kydroiy.is by a factor of four at 37°C.  He eliminates
the possibility thar the accelerarion is due 1o an increate in interfacial area
by insuring that it is alreody large enough *o give maximal reaction rate before
the addition of taurocholate. Since there are normaliy some bile salts
present in fecct materiai  one cor anticipate <ome stmulation of the lipase
activity when feces serves os the « .bstrote, Accoroing to Goldblith and Wick,(mé)
feces contains 0.15% bile pig: 2nis  Optimum pH is about pH 7.0 for lower
triglycecides; it is thifted ro pH 8.8 for higher fr,g'ycerides,(‘loz) Pancreatic
lipase ‘although it vories with the state of purity of the enzyme, with buffers,
with method of assay. etc.) has an optimum temperature of about 374C for most
substrates 1108

Two methods hove been u:ed for assay. Continuous titration of
109) The other is measure-

(110)

fatty acids released durinrg hydrolysis is one of these

ment of carbon dioxide rel~osed from sodium bicarbonc e by the fatty acids.

4.2.2 .4 Pcpain

Papain wes chosen over such proteolytic enzymes as pepsin,
chymotrypsin and trypsin for the following reasons: () the latter enzymes are
not as heat stable, {2) they are more sensitive to low concentrations of urea,
(3) their optimum pH values are at very acid levels (pH 2-3), (4) papain has
shown to produce more exrensive degradation of protein substrates than other
proteases. and {5: crysralline papain is relatively easy to prepare and is

commercially avaoiloble.
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Isolation is from the dried latex of the papaya plant. The dried
extract is ground with sand in the presence of ¢ dilute cysteine solution at
pH 5.7. Inert material is removed from the clarified extract after the solution
is brought to pH 9.0. The enzyme is precipitated first with ammonium sulfate
and subsequently with sodium chloride  Crystallization is achieved by
allowing a solution of the enzyme at pH 6.5 to remain at 4°, Recrystallization
can be accomplished from sodium chloride solution or from 70% ethanol
by salting out with a lithium salt.

One of the most striking properties of papain is its rather high
temperature stability: half-life, 56 mia. at 75°C,“'”) Resistance to elevated
tempercture is markedly pH - dependent, particularly below pH 4.0, where
papan is rapidly and irreversik'y inac‘rivafed.(nz)

In the presence of protein substrates (as opposed to synthetic peptides)
papain was found to be fully active after exposure to 9 M urea.” However,
in the presence of synthetic substrates it was found that concentrations above 3M
urea effected irreversible iractivation of papain,(“3)

The enzyme is sensitive to sulfhydryl agents such as iodoacetate,
kydrogen peroxide, heavy metals and p-mecuribenzoate; and is activated by
HyS, HCN, and other reducing agenfs,(“4"“5) .

The broad specificity of papain was shown by Calvery,‘”é) who
studied the hydrolysis of crystalline egg albumin by crude papain and found
that after papain digestion, necither pepsin or frypsin could bring about further
hydrolysis. The pH optimum for protein digestion was in the range pH 7.0 -

7 5'(ll7)

Papain may be conveniently assayed by measuring the rate of
hydrolysis of a synthetic substrate such as benzoyl-L-argininamide (BAA). The
assay is performed at pH 5 to 7 at 40° in the presence of appropriate activating

(18)

Papain can also be assayed with urea-denatured hemoglobin as

(19, 120)

agenfs.

substrate. The reacticns are performed at 39°C in the presence of
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0.005 M cysteine and 0.001 M EDTA at pH7 to 8.5. Aliquots of the
reaction mixture are removed at appropriate intervals, treated with 5%
trichloroacetic acid, ond filtered. The filtrates are examined in o spectro-

photometer at 280 my.
4.2.2.5 Urease

The presence of urease has been reported in numerous bacteria,

animals and some plants. However, the two richest sources and iliose most

frequently used for the isolation of the enzyme are jack bean meol(“7) and

021)

the bacteria Bacillus pasteurii. Jack bean contains 0.15% urease (on a

dry weight basis) and Bacillus pasteurii 1.0%. Isclution from jack bean meal

ee . . ., 122
is fairly straightforward, an acetone extract giving impure crystailine materi.' )

Isolation from Bacillus pasteurii is much more complex, involving six steps,

including several sulfate fractionations, colcium phosphate gel treatment, and
an acetone fractionation. Although the enzyme was not obtained in crystalline
form, Kcllio et ol.(‘lZI) have reported activities of 150 to 190 units/mg compared
to 130 units/mg for Sumner's jack bean urease.

The presence of sulfhydryl groups in the urease riolecule has been
amply confirmed.('23’|24) The work in the last reference indicates that there
are 23 -SH groups per molecule. Due to the presence of the -SH groups,
urease is irhibited by typical -SH reagents such as the metal ions Ag+, HgH,
CU-H., ferricyanide, p-mercuribenzoate, trivalent arsenicals, and furacin.
Sodium and potassium ions inhibit, and phosphate ions activate, ureose.(lzs)

Studies using tris-(hydroxymethyl)aminomethane sulfate (inert)

(126) 27)

that at urea concentrations above 0.3 M the activity actually decreases. |t

)

as a buffer show a pH optimum at 8.0. Wall and chfdler(I indicate

127 . .
has been posfuloted( that at high concentrations, urea may occupy that
site on the urease surface normally occupied by water, and thereby inhibi;

the enzyme.
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(128,129)

Extensive studies to determine the heat of activation of urease
indicate that thermal deactivation of the enzyme is significant at 40” - 50~C
and that only 10% of original activity of the enzyme (at pH 7,0) remained
after heating to $6° for six minutes.

By comparison, the bacterial urease isolated by Larson and Kal'io(m)
was very sensitive. They reported that their purest preparations (190 units/mg)
were inactivated very rcpidly on stonding (even during refrigeration), by

dialysis in the absence of reducing ogents, by pH values lower than 5.2, and

by organic solvents.

' 1315
The enzyme is abrolutely specific for hydrolysis of urea.' 30,131

. A colorimetric assay using the Nessler reagent to oc'armine the
. (17
- ammonia formed from the hydrolysis of the urea is convenient and simple.

32)

e L | . . ,
- A titrimetric assay is reporfed( in which the ammonia formed is

titrated with 0.1 M_HCI.

§ren s

4.3  Selection of Bacteria and Enzymes

The selection process has been guided by several features, the most important

of which is the orientation toward using urine and teces as electrochemical fuels.

prusiding oty

Practical considerations point to conversion of urine and feces components to hydrogen

and ammonia as the most likely route t¢ optimizing power production. Optimum con-

‘!’ sedread

version of waste materials to re-usable chemicals, on the other hand, probably will

L4

require a different line of attack.

MJ
§

The first of these features has been given prominence as being most con: istent
with the objectives of the present effort. Therefore, organisms and enzymes were
selected for further study on the basis of their predisposition to conversion of urine
¥ and feces components to hydrogen and ammonia.

! As to enzymes, cellulase, lipase, and urease were selected for further study.

Cellulase is of interest because (I) bacteria hydrolyze cellulese slowly and (2) the
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glucose from cellulose is u good source of hydrogen by way of bacterial fermentation.
Lipase is of interest primarily from the point of view of degradation of feces. Urease

is a potent catalyst for hydrolysis of urea, which results in ammonia. Because pro-
teolytic activity is common in bacteria, papain was rejected for further consideration.
The pectic enzymes, pectinesterase and polygniacturonase, would be of limited value
because of the small quantity of pectins in wasies.

Selection of bacteria for study was essentially on the basis of ammonio and
hydrogen production and proteolytic activity. For ammonia production, the urec bacteria
in general were selected for screening. It was planned to narrow this selection in
oreliminary screening for growth in urine and accompanying ureolytic activity. The

organisms include Sarcina ureae, Micrococcus ureae, Lactobacillus bifidus var.

ureolyticus, Brevibacterium ummoniagenes, and Bacillus pasteurii. For production of

hydrogen, from glucose derived from hydrolysis of fecal cellulose, Escherichia coli and

Aerobacter aerogenes were selected, both of whizh organisms are indigenous to feces.

Proteolytic activity has been approached by way of selecting a Bacillus species and a
Clostridium species. B. pasteurii is attractive for its proteolytic activity as well as its
high ureolytic activity. B. coli is also capable of producing ammonia from fecal amino

acids.

4.4  Bacterial Screening Program = Urine

Screening bacteria for growth and ureolysis in urine was done to select the most
favorable oréanism(s). Both growth and ureolysis were considered of greatest interest
under anaerobic conditions, because electrochemical utilization of the produced ammonia
would be expected to proceed most favorably in the absence of oxygen. Further, it is

desirable to minimize oxygen utilization.

Sarcina ureae - this organism giew and produced ammonia in aerobic but not in

anaerobic cultures when urea broth and urine was used as media.  Consequently, 'S. ureae

was eliminated for further study.
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Micrococcus ureae - the culture, rece’vea /-om a commercial culture collection,
was ccntaminated.  Attempts te purify the sulture were unsuccessful; however, since

the literature indicated fha'r_l\i. vreae, like S. ureage, is an obligate aerobe, the

organism was rejected on this basis. _

Lactobacillus bifidus var. ureolyticus - although the literature reports that this

organism anaerobically hydrolyzas urea to ammonia, our culture failed to demonstrate
ureolytic activity despite numerous subcultures in o medium containing urea. The
investigator from vhom the culture was obtained suspected that ureolytic ability was —
unstable und prolongad stock (five years) of the culture probably contributed to the loss

of this characteristic.. No other source of this organism is known.

Bacillus pasteurii ~ this organism demonsrrated facuitative growth and ammonia

production in urea broth and urine. Somewhat better growth occurred aerobizally in
urea bro,~ while anaerobic growth was better in urine. After two days ancerobic growth,
97% of the urea- preient in urine was utilized.

It was established early in the program that there was no diffsrence in anaerobic

growth of B. posteurii when either freshly collected or frozen urine was used as the
medium, —

(133)

Bornside and Kallio® reported that the cptimum pH for growth of B. pasteurii
in a medium containing urea was pH 8.8.  An experiment was performed which demon-
strated that an initial pH of 9.0 supported optimal anaerobic growth in urine. The pH
of ammonium carbonate, produced from urea hydrolysis, is approximately 9.2 end

solutions containing this material are strongly buffered at that pH.

Wiley and Sfokes“34) showed that B. pasteurii requires thiamine and certain amino A
acids for growth and that some strains also need biotin and nicotinic acid. Their culturer L
were grown in a synthetic medium. Our studies established that ancerobic growth was ' i
nct enhanced by supplementing urine with these three vitamins, either alone or in - ;o
combination. Either urine appears to contain sufficient amounts of these vitamins or our
strain of B. pasteurii does not require them.

Brevibacterium ammoniagenes - this bacterium grew readily and produced ammonia

G st o Amrescorecem s e = o
! - .

aerobically und anaerobically in both urea bioth and urine.  Ureclytic activity was

= -

V |
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was rapid (24-48 hours) in urea broth and aerobically in urine, but ammonia wes not
evident before six days anaerobic growth in urine. !n the latter case, 46% of
the urea present in the vrine was utilized. The siow ureolytic activity under

anaerobic conditions resultea in our dropping this organism.
4.5 Enzymatic Screening Program - Feces

Cellulase - the initial step in the study was to develop a colorimetric assay
for cellulose and obicin a satisfactory calibration curve. The assay developed by

(135)

Sumner is based on the reduction of 3,5-dinitrosalicylic acid by the "reducing
sugers” relecsed during the hydrolysis of cellulose. The resultant reduction product
imparts a characteristic brown color to the solution.

A preliminc-y assay of a crude cellulase preparation confirmed some ceilulase

activity but indicated the presence of contominants capable of giving a reduced

sugar reaction.
4.6 Electrochemical Evaluation of Urine

The feasibility of electrochemical energy conversion systems is governed by the
thermodynamics of the reactants. The actual perfermance of a system depends on
the electrode kinetics of the cell. For example, the actual steady potential of an
electrode usually differs markedly from the poiential calculated fron. thermodynamic
considerations; the cell current is the algaebraic sum of the oxidation and reduction
currents at each electrode. Since each current is a measure of the rate of a particular
reaction, the cell current is the resultant of the behavior of perhaps several oxidation
and reduction reactions, under the influence of the potential across the electrodes,
and the ensuing polarization effects.

Some cells, which are seemingly simple, exhibit complex performances. The
obviously complex systems involved in bioelectrochemistry may show the effects of
several simultaneous oxidation-reduction reactions in addition to ihe ramifications

from the various types of polarization.
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In the {irst section of this study the electrochemical behavior of systems com-

posed of urine and selected bacteria are ouserved. Bacillus pasteurii has been selected

for its established ureolytic activity. Work with urine was initiated directly rather
than work with simpler systams employing urea because this is being omply examined
under another contrmcf.(I 39 The study will be extended, and the conclusions
derived will form the basis for the projected optimization of bioelectrochzmicai cells
utilizing urine and feces. (The first data are for systems containing non-sterile urine
with and without_Bacillus pasteurii.) The open circuit potentials and potentials as a
function of increasing current were measured. Since it is doubtful that the conditions
of equilibrium and reversible reactions for thermodynamic oxidation potentials were
obtained in these experiments, the open-circuit potential values imply only that
no current was flowing during the measurement. The polarization curves permit
the limiting current densities to be determined and cliow some conclusions to be drawn
regarding the recctions causing the currents.

The first data, in Figure |, are on systems containing non-sterile urine with

and without Bacillus pasteurii. Little difference between the anodic polarization

curves for these two sets of data occurred at potentials more positive than 250 mV;
the systems behaved nearly identically and the limiting current densities are the same.
At potentials more negative than 250 mV, the curves are linear and apparently have
different slopes. The non-equal slopes in the Tafel equation region signifies that
different reactions are occurring. This conclusion will be tested in further measure-
ments.

In the second group of data, shown in Figure 2, the effect of incubation of
the urine with B. pasteurii is considered. Here the effect of cn '8-hour incubation
was measured.  Again, it is difficult to distinguish differences in limiting current
densities. However, that the same reaction is occurring is indicated by the essentially
paraliel linear sections of the curves. It is cpparent that in this range the cell with
the incubated B. pasteurii provides increased current for the same potential. For
example, at 170 mV, the cell with incubated B. pasteurii carried 0.15 ma/cmz,
whereas only 0.0l ma/cm2 was carried by the cell to which B. pasteurii had been
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without incubation. The advantuge of allowing time for the growth of B. pasreurii is

apparent. This eft. ~t of bacteria populatior. will be studied further.
4.7 Experimental
4.7.1 Collection of Feces and Urine

To obtair urine and feces, a coliection program, with vclunteers
of Magna Corporation, Research and Development Division, has been initiaied.
The collection program is well under woy. To date, 20 lbs. of feces and 75
liters of urine have been collected from our volunteers. To minimize
individual variations in waste product composition and to reduce fecal cellulose,
guidelines for food consumption have been provided. This approach is being
taken to ccnform with several "space diets" currently under study elsewhere.
Food abundant in cellulose, such as fresh fruits and vegatables, and foods which
are difficult to digest, such as deep-fried foods, have been restricted or
eliminated entirely from the diet. Reasonable precautions are being taken to
insure "normal" samples. Volunteers to whom anti-microbial drugs are
being administered are requested to immediately withdraw from the program.
Each donor's urine is being examined for excess amounts of glucose and protein.

Urine is being stored at ~20°C until the collection program is
complete. The urine will then be thawed, composited and refrozen in suitable
containers for use during the balance of the program. Feces is also being
stored at ~20°C during the collection period. The feces will be freeze-dried,
composited and stored in suitable containers. Composited urine and feces
will be analyzed for selected maojor chemical components such as cellulose,
lipids, urea, etc.

Although we believe that freeze-drying will not significantly

alter the properties of feces with respect to its ability to serve as a substrate
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for bacteria, this will be determined expirically before the composite sample

is subjected to this process.
Marquardt Corp. is initiating a similar program to complen ent our
effort.

4.7.2 Sources of Culture Collection

1. Sarcina ureue ~ The National Collection of Industrial

Bacteria, Aberdeen, Scotland (No. 8691).

2. Micrococcus ureae - The Institute for Fermentations, Osaka,

Japan (No. 3767).

3.  Lactobacillus bifidus var. ureolyticus - Dr. R. N. Doetsch,

University of Maryland.

i 4.  Brevibacterium ammoniagenes - The National Collection

of Industrial Bacteria, Aberdeen, Scotland. (No. 8143)

O

Bacillus pasteurii - The American Type Culture Collection,

Washington, D. C. (No. 1i859).

——-——

*
'

4.7.3 Microbiological Experimental Details

LSy
q

. 4,7.3.1 Sarcina ureae. A 1% stock culture was inoculated into 100 ml

of urea broth which consisted of Difco nutrient broth, 10 gm; Difco yeast

. extract, 5 gm; distilled water, | liter. After cooling, 100 ml of 20% urea
i (filter sterilized) was added. Final pHwas 8.0. The inoculated medium
- was dispensed into 2 250-mi screw cap flask and filled to capacity with urea

broth (containing 0.1% ascorbic acid) similarly inoculated. The culture was

incubated at 30°C for 24 hours. Turbidity was measured in a Beckman DU

B axadosiet f

spectrophotometer using incident light of 660 - my wavelength. Growth

(0D 00-95 1/4 dilution) and ammonic production as evidenced by odor

[ T

occurred only in the aerobic culture.
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Urea broth agar plates were streaked with a culture of S. ureae and

incubated aerobically at 30°C and anaerobically under hydrogen gas in an

anaerobic jar for 24 hours. Again, growth was evident only aerobically.
The organism was inc :ulated into filter sterilized urine (Seitz)

containing 0.1% ascorbic acid according to the nrocedures described above.

Growth and ammonia were observed exclusively in the aerobic cultures.

4.7.3.2 Micrococcus urese. The bacterium was received as an agar

slant culture ard inoculated into urea broth; subsequent ¢c.owth was streaked

on to urea broth agar plates to detemnine purity. Several iypes of colonies
were observed. Isolated colonies were pict.ed, inoculated into urea broth
and growth was again streaked on to aga- ciates. Although this procedure

was repeated several times, isolation o1 .. ure ' - was not achieved. In fact,

even the original contaminated culture did noi exh’'  ..eolytic activity.

4.7.3.3  Lactobacillus bifidus var. ureolyticus. The bacterium was sub-

cultured repeatedly anaerobically at 37°C in the following medium based upon
(39 Difco yeast extract, 3.0 g;
Difco nutrient broth, 10.0 g; KzHPO , 3.0 g; KH2PO4, 3.0 g; glucose,
5.0 g; N02C03, 3.0 g; resazurin, 0.001 g; sodium thioglycollate, 1.0 g:

the recipe used by Gibbons and Doeisch:

distilled water, | liter. 3.0 g urea (filter sterilized) was added to the
cooled basal medium, final pH, 7.0 Excellent growth occurred within 24
hours but no ammonia was detected.  Culturing in (I) same medium containing

20% urea, (2) urea troth, and (3) urine failed to stimulate ureolytic activity.

4.7.3.4  Bacillus pasiéurii.

4.7.3.4.1 Relationship to Oxygen. <Cultures were grown in urea broth as

described earlier for S. urece. After 24 hours incubation, the 00660 of the

aerobic culture was 0.38 (1/4 dilution) comoared o 0.12 (1/4 dilution) with

onaerobic growth. The odor of a~monia was str..gly evident in both cultures.
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Urine growth studies were performed in a similar manner although
optical density could not be measured due to the development of a heavy pre-
cipitate. Ammonia was detected in both anaerobic and aerobic cultures.
Microscopic examination showed more cells in the anaerobic culture but

this observation was not quantitated.

4.7.3.4.2 History of Urine. Anaerobic growth in fresh, refrigerated (four

days), and thawed frozen urine from the same donor wos compared.  All

urine was filter sterilized and 9.1% ascorbic ac’d was added. The pH was
adjusted to 8.4 and a 1% inoculum of a u'ine-grown culture of B. pasteurii
wes used. Duplicate 30-ml screw cap test tubes were filled to capacity, and
incubated at 30°C. Microscopic cell counts using a Petroff-Hauser bacteria
counter were made initially and after 24 hours growth. The results are

summarized 1.. ,able V.

; 4.7.3.4.3 pH. Duplicate 30-ml screw cop test tubes were filled to capacity
with filter sterilized urine (0.1% ascorbic acid) inoculated with 1% inoculum

i of an anaerobically urine-grown culture of B. pasteurii. he initial pH of
duplicai= cultures was adiusfed topH7.5, 8.0, 8.5, 9.0 and 9.5 with

3’ ' NaOH and incubated at 30°C. Microscopic cell counts were made after 24,

48 and 72 hours growth. The results are reported in Table V.

4,.7.3.4.4 Vitamins. The hasal medium consisted of filter sterilized urine
(0.1% ascorbic acid}, pH 8.5. Nicotinic acid, thiamin hydrochloride and
biotin were added to the basal mediu.- to produce the following final concen~-

% tratica  f the respective vitamins in urine: (1) nicotinic acid (0.5 ug/mi),

‘ (2) thiamine hydrochloriae (0.5 pg/ml), (3) biotin (0.1 m pg/mi), (4)

{ nicotinic acid (0.5 wg/ml), and biotin (0.1 m uwg/ml), (5) nicotinic acid

' (0.5 g/ml) and thiamine hydrochioride (0.5 ug/ml), (6) biotin (0.1 m pg/ml)
b and thiamine hydrochloride (0.5 ug/mi), (7) nicotinic acid (0.5 pg/ml),

[URp
s
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TABLE 1V

Effect of Fresh, Refrigerated, ond Frozen Urine on the Anaerobic Growth of
B. pasteurii

History of Urine

Age of Culture Fresh Refrigerated Frozen
Inoculated urine 3.0x |05 2 5x 105 3.0 x }05
i 24 hours 1.5 x IO7 1.5 x IO7 1.0 x |07 -
|
|
i
!
}
j
!
-37- 314/7014/13




-

thiamine hydrochloride (0.5 wg/ml) and biotin (0.1 mug/ml). The control
contained no added vitamins. Duplicate 30~ml screw cap test tubes were
filled to capacity with the various media preparations, inoculated with a

1% inoculum of anaerobically urine-grown culture of B. pasteurii and
incubated at 30°C. Microscopic cell counts were made after 24 and 48 hours
growth. The results are summarized in Table VI. The nicotinic acid was
obtained from Eastman Organic Chemicals, Rochester, New York; biotin from
California Corporation for Biochemical Pesearch, Los Angeles, Californig;

thiamine hydrochloride from Hill Drugs, Ancheim, California.

4.7.3.4.5 Determination of Urea Hydroiysis.  Filter sterilized urine (pH 8.95)

containing 0.1% dscorbic acid, inoculated with a 1% inoculum of a
anaerobic urine-grown culture of B. pasteurii, was dispersed into a 30-ml
screw cap test tube and a 40-ml serum cap bottle. The cultures were
incubated at 30°C for 48 hours. The utilization of urea was ascertained by
: comparing the concentration of urea present in uninoculated urine with that
of the 48-hour culture. Urea was determined by the colorimerric method of

i (i38)r
| Ormsby. The results are raported in Table VII.

4.7.3.5 Brevibacterium ammoniagenes

Anaerobic and aerobic growth studies with urea broth and urine
were performed in a manner similar to that described for S. ureae. The pH
i of urea broth and urine was adjusted to 7.4 and the cultures incubated at 30°C,
Good growth and ammonia production was ncjafed after 24 hours aerobic ’
g growth in urea broth but not until from 48 hours to five days under anaerobic
conditions. After five days anaerobir growth in urea broth, the concentration

i of urea was reduced from 18.5 mg/m! to 11,65 mg/ml, a decrease of 37%.

Tty
1 4 (
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TABLE V

Effect of pH on the Anaerobic Growth of B. pasteurii in Urine

Initial pH 7.5 8.0 8.5 9.0
Days after

Inoculation

] 7.3x10%0 38 105 2.7x10° 1.4x10
2 1.9 x160 3.2x100  2.4x100  2.3x10
3 1.3x10° 1.2x100 ~ 2.1x100  1.4x10°
Final pH 9.5 9.5 9.5 9.5

(1) Average cell counts on duplicate samples
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TABLE VII

Utilization of Urea in Urine by B. pasteurii

Initial Urea in Urine 9.0 mg/ml
Final Ureec in Urine
(I) Screw cap tube 0.243 ‘mg/ml
(2) Serum bottle 0.238 ]mg/ml
1. Mean of two determinations.
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Ureolytic activity in aerobically grown urine wos noted after 48
kours growti: but not until after six days growth anaerobically. In the
anaerobic urine culture the concentration of ui=c was reduced from 10.75

mg/ml to 5.8 mg/ml, a decrecse of 46%.

4.7.4 Enzymatic Screening Program

Cellulase - A standard curve was prepared using glucose solu-

tions containing weighed amounts of glucose from 0.05 mg/ml to 1.0 mg/ml. Y
The data obtained gave a satisfoctory linear relationship between optical
density and glucose concentration in the range of G.1 mg/ml to 1.0 mg/mi.
However at concentrations lower than 0.1 mg the absorption (at 540 myu)
P

of the developing compound (3,5-dinitrosalicylic acid) is greater than that
of the brown reaction product.

A preliminary assay of the crude cellulase preparation (Nutritional
Biochemical Corporation, Cleveland, Ohio) indicated that it possessad
some cellulase activity (0.08 mg glucose/hr/mg dry ct enzyme prep.) and a
fuir amount of reducing sugar contaminants. The zero time sample taken from
the cellulose-cellulase reaction mixture (! mi cellulase solution) gave a
color equivalent to 3.0 mg of glucose. A check of both the cellulase and
cellulose solutions ciearly demonstrated that the reducing compound; were
contained entirely in the cellulase preparation. A protein (Lowv)! method)
determination of the cellulase solution indicated that there was slightly less
than 0.1 mg protein/ml. These preliminary studies show that the cellulase

preparat’on is quite crude.
4,7.5 Electrochemical Experimente. Letails

The half-cells were 500 ml, five-neck flasks, separated by -
cation membrane. The catholyte was 0.1 N KCI and the cathode was

-42- 314/7014/13
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platinized piatinun. The anolyte wos stirred ~vith a Mag-mix and anaerobic
conditiors were maintcined by a N, purge  The temperature wos not controlled.
The potential was obtained with a standard calome! electrode placed in contact
with an agar bridge immersed in the urine. A constant potential between SCE
and anode (platinized plctinum, 10 cm2) was maintained with a potentiostat.

No buffer or other solutions were used. The anode was pos‘tioned so that

both faces were parallel to the current flow through the membrane. The agar
bridge was positioned behind the anode {away fiom the membrane). An internal

resistance at 175 ohms was found.
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5.0 CONCLUSIONS

Based or the literature search, it appears that some inconsistency exists ir
trying to approach optimum utilization of urine and feces both as an electrecchemical
fuel and for conversion of these to chemicals reuseable in o closed environment. Thus
it has been decided tentatively to follow predominantly the Gpproach to optimum
utilization of these mcterials as electrochemical fuels. Enzymes and bacteria were
selected for study so as to lead primarily to production, from urine and feces, of
ammonia and hydrogen.

In screening of five ureolytic bacteria, two were able to produce ammonia

anaerobically in urine. Better than twice as much urea was hydrolyzed by B. pasteurii

than by Brevibacterium ammoniagenes and in one-third the time (two days compared to

six). As a result of this data, only B. pasteurii will be considered fcr further studies
with urine.

Screening of bacteria and enzymes for con' rsion of feces fo hydrogen and
ammonia has not begun as yet.

Orly preiiminary electrochemical evaluation of urine with Bacillus pasteurii

has been done and results are inconclusive as yet.

44~ 314/7014/T3
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6.0 PROGRAM FOR NEXT INTERVAL

The screening program for ureolytic bacteria is complete; therefore, the
major emphasis will be placed on feces degradation. Mixtures of urine and feces
will also be evaluated as an approach to eliminating extensive separate studies.
Selection of organisms will be based upon ability to function in the combined waste
products. The addition of sewage bacteria and fecal microflora to urine/feces will
be examined as an approach to establishing a suitable waste trectmeni process.
Continuous culture parameters, including temperature, oxygen, pH and ncirition
will be evaluated.

The screening program for appropriate enzymes will continue on the basis
of chemical analysis of the feces/urine composite. The enzyme program will be
integrated closely with the microbial program in a complementary effort to prevent
duplication of efforts, except where comparative bacteria-enzyme studies are made,
e.g., ureolytic bacteiia and urease. Cptimum activity for selected enzymes will be
determined with respect io pH, electrolyte and substitute concentration and temperature.

Electrochemical measurements utilizing Bacillus pasteurii and urine will

continue. Since it is anticipated that lyophilized feces will be available, suitable
apparatus will be constructed and electrochemical measurements will be made with

various media containing the feces.
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7.0 REFERENCES

Three groups of references are given. Two of these groups are for literature
cited in the literature search cnd the third is for refcrences citea in the experimental
work. Some duplication of references may be found as a result of this grouping.
Because duplication is not severe, and in the interests of continuity of the separate

literature searches, these duplications were a!lowed to remain.
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